For the development of an unmanned aerial vehicle (UAV) simulator, an aerodynamic analysis was performed. To analyze the aerodynamic coefficient, an unsteady numerical method (time-domain panel method) was used. This panel method was based on the Dirichlet boundary condition coupled with a time-stepping method. The Free Wake method was also used to get more accurate results. The proposed numerical method was validated by comparing our results with experimental data. Through the aerodynamic analysis, longitudinal, lateral, directional and dynamic derivatives were obtained. To build the database for the UAV, the results were predicted rationally. This research will contribute to designing UAVs as well as to developing UAV simulators.
Introduction
Recently, unmanned aerial vehicles (UAVs) are used in various fields. UAVs can carry out various missions such as weather, terrain and environmental monitoring in private and military fields. Therefore, various types of UAVs have been developed as the increases for various purposes in military and civilian fields. For the purpose of reducing trial and error, and training pilots in UAV management, the demand for UAV simulators is also rising.
A database composed of many aerodynamic coefficients is necessary to develop UAV simulators. Extraction methods for the aerodynamic coefficients of aircraft or UAVs are classified into numerical method and wind tunnel testing. Wind tunnel testing is the traditional method to obtain aerodynamic coefficients considering flow conditions. There are many advantages of this method. Furthermore, more accurate results are acquired than the numerical method. However, wind tunnel testing has limitations. There are problems of the law of similarity, cost and time.
The numerical method for obtaining aerodynamic coefficients for developing UAV simulators also has limitations, such as the numerical error problem (discretization of aircraft) and flow conditions (real aircraft flight conditions). However, the numerical method has advantages from the cost and time-saving perspectives. Thus, we can get the aerodynamic coefficients according to the variation of aircraft shapes and flight conditions more easily and more quickly. 1, 2) There are many numerical methods to calculate aerodynamic analysis. Moreover, along with the improvements in computing power, widely used commercial computational fluid dynamics (CFD) tools are being developed. However, the work of extracting aerodynamic coefficients and making databases for the development of UAVs using commercial CFD tools still requires many hours and is very expensive. In this research, a time-domain panel method is used to extract aerodynamic coefficients for the development of an UAV simulator. The method is based on constant source and doublet singularity distributions.
In In this research, an aerodynamic analysis was performed to extract aerodynamic coefficients for UAV simulator development. The configuration used was an arbitrary UAV configuration having the main wing, fuselage, horizontal tail wing, vertical tail wing and control surfaces (ailerons, rudder and elevator). For aerodynamic analysis, the time-domain panel method was used, and the Free Wake method was considered.
Numerical Method

Potential theory
In this research, the flow was assumed to be irrotational, inviscid, and incompressible. Thus, a velocity potential È can be defined, and the continuity equation becomes Laplace's equation:
The general solution to Eqs. (1) and (2) can be constructed based on Green's identity by summing source ' and doublet " distributions on all of the known boundaries. 5) Thus,
To impose the Dirichlet boundary condition on the surface, the perturbation potential must be specified everywhere on the body. If, for an enclosed body, @È=@n ¼ 0, then the potential inside the body will not change. Thus, Eq. (2) becomes
Unsteady time-domain panel method
The governing equation does not have a time term. Therefore, by introducing the time-marching method, the steady panel method can be changed to the unsteady panel method. Figure 1 shows the flow chart for unsteady aerodynamic analysis. The input data of the method were the geometry and flight conditions of the UAV. The information for airfoil shape, chord length, span length, sweep angle, incidence angle and control surfaces of each part (main wing, fuselage, and vertical/horizontal tail wings) represent the basic geometry. Time-step and flight speed represent the basic flight condition information.
The potential flow solution was included in a time-stepping loop. In cases with rotor blade geometry, geometrical information such as panel corner points, collocation points, and the first of all normal vectors must be calculated. The collocation point was located at the centroid of each quadrilateral panel. Then, the time-stepping loop began, and the geometry of the wake panel row adjacent to the trailing edge was established based on motion kinematics. During each of the following time steps, the strength of the latest wake row was computed using the Kutta condition, and the previously shed wake vortex strengths remain unchanged. Thus, at each time-step, for N panels, N equations result in N unknown doublet strength. If the geometry of the body did not change with time, then the matrix was inverted only once.
The wake was captured as part of the solution with no special treatment. Before advancing to the next time-step, the wake rollup procedure was performed. Since the vortex wake was force-free, each vortex must move with the local stream velocity. The local velocity was a result of the kinematic motion, and the velocity components induced by the wake and body were usually measured in the inertial frame of reference (X, Y, Z) at each panel's corner point. This velocity can be calculated because the strengths of all the singularity elements in the field were known at this point of the calculation. To achieve the wake rollup, at each time step, the induced velocity at each wake panel corner point was calculated in the stationary inertial frame, and then the vortex elements were moved by the Euler convection scheme.
As shown in Fig. 2 , (X, Y, Z) was an inertial coordinate system, and (x, y, z) was considered a body fixed coordinate. Therefore, the paths of origin R and rotational information were combined with a forwarding mode and vibration mode.
This was expressed as follows:
The velocity V and angular velocity can be written as
where the free-flow velocity, constant angular velocity, amplitude of vibration, frequency, and angle of delay were represented by Q 1 , , A, !, and v, respectively. To estimate the transformation of coordinates, the following equation of transformation was used: 
From Fig. 3 , wake panels separated from the body were generated at each time interval. Strengths of doublets at the wake panels were calculated using the Morino Kutta condition (Eq. (10)), and calculated strengths were maintained by the determination of Helmholtz. 9) However, in this research, Eq. (11), which was a more accurate Kutta condition using the average value of the previous wake strength, was used and the pressure gradient could be minimized.
10)
One of the potential based panel method's merits was the easy computation of surface velocity and pressure. The computed velocity has the consideration of interaction with each lifting surface. According to Fig. 4 , perturbation velocity becomes:
The perturbation velocity of the normal direction was given by
The total velocity was combined perturbation velocity and kinetic velocity at K (panel control point), thus the total velocity becomes:
Using the computed surface velocity, the pressure coefficient was derived from an unsteady Bernoulli equation:
To develop a UAV simulator, many aerodynamic coefficients are needed. There are longitudinal, lateral, directional and dynamic derivatives besides basic aerodynamic coefficients, lift coefficient and drag coefficient. Table 1 shows the aerodynamic derivatives to analyze UAV stability and to develop a UAV simulator. Here, subscript N represent normal force, M is moment, Y is side force, l is rolling moment, n is yaw moment, is sideslip angle, p is rolling rate, r is yaw rate, and a, e, and r are deflection of aileron, elevator, and rudder, respectively.
Results
Validation
Goodman's experimental data were used to verify the proposed numerical method.
11) Aerodynamic coefficients (lift coefficient and pitching moment coefficient) were compared using the results of the proposed numerical method to experimental data according to the change of shape in the aircraft's main wing, tail wing, and vertical wing. Figure 5 shows four cases of aircraft configurations. Figure 5 (a) was the basic configuration. For the comparison, in Fig. 5(b) , the position of the horizontal tail has a vertical offset (0.528c). In Fig. 5(c) , all wings have a swept back angle (45 degrees) compared to the wings of Fig. 5(a) . Lastly, Fig. 5(d) shows the mixed configuration of vertical offset and swept back angle. The specifications of configurations for validation aircraft are shown in Table 2 . Figure 6 shows the results of lift coefficient and pitching moment coefficient according to the variation of angle of attack. Lift and pitching moment coefficients were compared to the Goodman's experiment results. In all of the figures, numerical results were well matched with experimental results at a low angle of attack (AOA, under 10 degrees). In this research, the proposed method was an inviscid and linear method. Therefore, in the high angle of attack area, nonlinear characteristics (viscous effect) were greater than the low angle of attack area in experimental results. From Fig. 6 , this method shows the limitation. However, numerical results of the proposed method have good agreement in the inviscid area. Furthermore, the numerical results of the present method were well matched with the variations in wing shapes and positions. Table 3 shows the comparison of aerodynamic coefficients for validation aircraft. From Table 3 , it can be seen that the trends between numerical and experimental results of lift and pitching moment coefficients were well matched. It can also be seen that the lift coefficient was affected by the swept back angle. From the pitching moment coefficient, the validation aircraft have longitudinal stability. 12) From the comparison, the deviation was about 10% in the case of the rate of lift coefficient. In the case of the rate of the pitching moment coefficient, the deviation was larger than the deviation of lift coefficient. The reason was the calculation of drag. This proposed method was based on a potential method. Therefore, only induced drag was calculated. That is the reason why the pitching moment coefficient deviation was higher than lift moment coefficient deviation.
The present method based on potential method has some limitations regarding inviscid, linear, and induced drag. However, from the aerodynamic analysis of the validation aircraft, the present method has good agreement when the AOA is under 10 degrees. Also, it was possible to estimate the longitudinal stability of the validation aircraft. Another validation was performed. To extract the aerodynamic coefficients, aerodynamic analysis for a fixed-wing UAV configuration was carried out. 13) The results of the aerodynamic analysis were compared to the results of wind tunnel testing and aerodynamic analysis using DATCOM.
14)
The UAV configuration for validation is shown in Fig. 7 . It was composed of a main wing, horizontal tail wing, and twin vertical tail wing. The UAV specifications for validation are shown in Table 4 .
For both the main wing and tail wing, a NACA 4-digit series airfoil was used. The main wing had 3.5 degrees of dihedral angle, a 0.67 taper ratio, and 0 degree swept-back angle at the 1/4 chord line. For the wing section, both horizontal tail wing and twin vertical tail wing used a NACA 0015 airfoil. The position of the horizontal tail was the same position as the main wing. Because of poor information about the fuselage, the fuselage was not considered.
Lift coefficient, drag coefficient and pitching moment coefficient according to the variation of angle of attack for the UAV configuration are shown in Fig. 8 . Numerical results were compared to the results of wind tunnel testing. In the present method, results were shown as linear. But the results of the wind tunnel testing were shown as nonlinear. However, the trends in the results of both the present method and experimental method were similar. Figure 9 shows the rolling moment coefficient and yaw moment coefficient according to the variation of angle of sideslip for the UAV configuration. Generally, aerodynamic coefficients like rolling and yaw moment coefficient were more affective to the fuselage. In wind tunnel testing the fuselage was included. However, in the present method, the fuselage was not included. Nevertheless, the trends of the results for both present method and experimental method were similar. Table 5 shows the results of aerodynamic coefficients compared to the results of experiments and DATCOM. From the table, the results of both DATCOM and the present method had the same trend as the experiment results. However, the results of the present method were more accurate than the results of DATCOM. From this table, the validation model had a negative slope in the pitching moment coefficient. This shows that the validation model is stable. Figure 10 shows the pressure and velocity contour distributions of the UAV surface. The proposed method has an advantage of showing the results as a contour. This was effective to design and change the configuration for UAV validation. Figure 11 shows a conventional arbitrary configuration for a UAV. This UAV was composed of a main wing, fuselage, horizontal tail wing, twin vertical tail wing and 2 tail booms. In this case, the tail boom is not considered. All section airfoils of the wings were designed as NACA 4-digit series airfoils, and only one airfoil shape was used at each wing. The main wing had a taper ratio of 0.5 and incidence angle of 3 degrees. Moreover, the section airfoil shape of the main wing was symmetric (NACA 0015). The aerodynamic center and center of gravity (C.G.) point were located in the quarter chord of the main wing. The reference main wing area was 2 m 2 . The horizontal tail was a symmetric airfoil (NACA 0015). In addition, the vertical tail, which was located on both sides of the horizontal tail, also used a symmetric airfoil (NACA 0015). The shape of the fuselage was cylinder. The UAV had three control surfaces (ailerons, elevator, and rudder).
Aerodynamic analysis
A convergence test was carried out for the accuracy of results. In this research, the numerical method presented was unsteady. The most important thing in convergence was to avoid wings starting to vortex. This affects the aero- dynamic coefficient. Figure 12 shows the spanwise lifting coefficient of the main wing and horizontal tail according to the increasing time interval in the case of AOA ¼ 0 degrees. About 50 time intervals later, the aerodynamic coefficients converged. As seen in Figs. 12(a) and 12(b), it took 50 iterations to obtain a stabilized solution. In Fig. 12(b) , the horizontal tail convergence was a negative lift coefficient. As shown in Fig. 12(c) , there was no change in side force coefficient according to the variation of number of iterations. Figures 13 and 14 show the results of aerodynamic analysis of the UAV. Lift, induced drag, pitching moment, rolling moment and yaw moment coefficients are represented according to the variation in angle of attack or angle of sideslip. Flight speed was 60 m/s and control surface (elevator, rudder, and aileron) change was from À5 to 5 . Figure 13(a) shows the lift coefficient and induced drag coefficient of the UAV configuration according to the variation in angle of attack when the angle of sideslip was zero. In  Fig. 9 , the lift coefficient slope was a nonlinear shape. The wake of the main wing or fuselage affected the horizontal tail. Figure 13 (b) shows the pitching moment coefficient of the UAV configuration according to the variation in angle of attack when the angle of sideslip was zero. As seen in Fig. 10 , the slope of the pitching moment has a negative value. Therefore, this UAV has longitudinal stability. Figure 14 shows the rolling moment coefficient and yaw moment coefficient of the UAV configuration according to the variation in the angle of sideslip when the angle of attack was zero. Generally, to satisfy stability, the rate of rolling moment coefficient was negative, and the rate of yaw moment coefficient was positive. As seen in Fig. 12 , this UAV has a negative rolling moment coefficient and positive yaw moment coefficient. From an aerodynamic point of view, this UAV was estimated to be stable. Table 6 shows the longitudinal, lateral, directional and dynamic derivatives obtained using the proposed method. In this research, the proposed method was a linear method. Therefore, derivatives were obtained within the range of À5 -10 . Flight speed was 60 m/s and the control surface (elevator, rudder, and ailerons) change was from À5 to 5
. These data will be used to build the database of a UAV simulator.
Conclusion
The time-domain panel method is limited to inviscid, incompressible, and irrotational assumptions. Therefore, the results were always linear. However, the results of the present method showed good performance in getting the aerodynamic analysis.
The results of the proposed method were compared to the experimental data and the results of a commercial numerical program (DATCOM) to validate their accuracy. The results of the present method were reasonable and in good agreement with the experimental results. Aerodynamic analysis for an arbitrary UAV configuration was carried out, and the analyzed results were predicted to be rational. To build a database for developing UAV simulators, longitudinal, lateral, directional and dynamic derivatives were obtained.
The unsteady numerical method presented was selected because of its versatility. From this research, it will be possible to develop aerodynamic coefficients in any unsteady flight motion. Additionally, this proposed numerical method will be useful for extracting aerodynamic coefficients for the development of UAV simulators. In the same way, this proposed method and results will contribute to the design of UAV or aircraft.
